Readily available 4-formyloxyazetidinone was enantioselectively transformed into 4-substituted azetidinones upon treatment with 0.1 equiv. of the cinchona alkaloid (quinidine) in toluene via intermolecular nucleophilic trapping of the N-acylimine intermediate by mercapto-, or hydroxymoieties of thiophenols, thiols, phenols and alcohols. Additionally, biological activity tests were performed on the newly synthesized β-lactams.
Introduction
Compounds containing a β-lactam core are synthetic targets of great importance for academic and industrial laboratories owning to their various biological activities such as antibacterial, 1 inhibition of enzymes like HLE, 2 thrombin, 3 human cytomegalovirus protease, 4 or highly specific cholesterol inhibitors. 5 The synthesis of β-lactam compounds can be achieved in two ways: by transformation of readily available natural products, or by total synthesis. 6 In the latter case, the method of formation of the β-lactam ring together with control of the stereogenic centers at C-3 and C-4 of the azetidin-2-one ring is crucial for the success of the synthesis.
It was of interest to check whether cinchona alkaloids would catalyze the nucleophilic substitution at C-4 of the azetidin-2-one ring involving, more nucleophilic than oxygen congeners, thiophenols. 4-Formyloxyazetidin-2-one 1 was prepared by the ozonolysis of 4-vinyloxyazetidin-2-one at -78 °C in CH2C12, followed by reductive workup with dimethyl sulfide. High yields, and reproducibility of ozonolysis was achieved by the inclusion of a small amount of ozonizable dye (Sudan red 7B) as an internal standard, which indicated the reaction end point. 10 The results of the experiments performed under conditions found optimal for the corresponding phenols are shown in (Table 1) . a Isolated yield determined after flash chromatography on SiO2. Reaction was carried out until disappearance of substrate 1 (TLC monitored). b The enantiomeric excess was determined by chiral HPLC.
After a few initial attempts we found that the reaction of 4-formyloxyazetidin-2-one 1 with the thiophenols 10a-e, was most effective in the presence of a catalytic amount (0.1 mol. equiv.) of quinidine 3, in toluene at room temperature. As shown in Table 1 , the enantiomeric excess, as well as the product's yield depended on the nature of the substituent in the thiophenol ring. In all cases, however, good chemical yields and moderate enantioselectivities of 4-arylthioazetidin-2-ones 11a-e were observed. The scope of nucleophiles was then extended to thiosalicylaldehyde 12. Under the same conditions, azetidinone 1 underwent condensation with 12 to provide 3,4-benzo-2-The experiments on cinchonine catalyzed substitutions testify that the switch from the oxygen nucleophile to the sulfur analog does not affect the enantioselectivity of the process. This might suggest that the elimination-addition mechanism of the first step is the same for both nucleophiles. In the case of thiosalicylaldehyde 12, the second step leading to the ring closure is under thermodynamic control and consequently leads to the exo location of the hemiacetal hydroxyl group.
Scheme 2. Quinidine-catalyzed nucleophilic substitution with o-thiosalicylaldehyde 12.
Subsequently we decided to examine whether aliphatic alcohols and thiols would be proper substrates in the same nucleophilic substitution processes. First experiments showed that the products obtained 16/17 were volatile and therefore the yield of the reaction and the proportions of the enantiomers by HPLC were hard to be correctly assign. We found that in most cases direct benzylation of the nitrogen atom in 16/17 leading to 18/19 allowed us to determine the yield and enantiomeric excess of the reaction (Scheme 3). Independent experiments performed on 4-benzyloxyazetidin-2-one 16c showed that N-benzylation is almost a quantitative process which does not affect the enantioselectivity of the nucleophilic substitution. As has been demonstrated recently, the reaction between phenols and 4-formyloxyazetidin-2-one 1 in the presence of a catalytic amount of quinidine proceeds in good yield and moderate enantioselectivity to afford the corresponding 4-aryloxyazetidin-2-ones. 7 Different results were noticed when aliphatic alcohols or mercaptans were applied in the same reaction (Table 2, 3 ). In the case of aliphatic alcohols 14 an equimolar amount of quinidine was required to obtain full conversion of 1. An excess of the nucleophile 14 should also be raised from 1.5 to 3 equivalents ( Table 2) . The results obtained are modest and show a good yield only for benzyl alcohol, whereas the enantioselectivities are low for all nucleophiles. In contrast to aliphatic alcohols 14, analogous thiols 15 undergo reaction with 1 to provide the corresponding sulfides 19 under standard catalytic reaction conditions in good chemical yields and enantioselectivities similar to that observed for phenols ( Table 3) .
Comparison of the corresponding results of alcohols and thiols shows much better results for the latter. When t-butyl alcohol was used no reaction was observed ( Table 2 , entry 6), but its thio-congener gave an expected product in 65% yield and 12% ee (Table 3, entry 3). The best result was obtained for triphenylmethyl thiol (Table 3 . entry 4). It gave an excellent yield of 20 and 51% ee ( Table 3 , entry 4). In this case, owing to high molecular weight, further benzylation of the nitrogen atom in order to assign enantioselectivity was not necessary. In contrast to chiral base catalyzed nucleophilic substitution at C-4 of azetidinone 1, the intermolecular reaction promoted by chiral Lewis acid -equimolar mixture of SnCl4 and (S)-α-di-naphthyl-BINOL 7 -proceeded in a different way for phenols and thiophenols. 9 We found that the direct reaction between 1 and thiophenol 10a in the presence of the BINOL/SnCl4 complex 7 provided the racemic compound 11a in low yield. Asymmetric degradation of the racemic 4-phenylthioazetidin-2-ones 11 gave better enantiomer selectivities. After 6h 11a underwent destruction in 41% yield and 42% ee (Table 4 , entry 1). In comparison to phenols, nucleophilic substitution involving thiophenols is faster, whereas asymmetric degradation of the primary formed racemic compound is slower due to a more stable N,S-acetal then N,O-congener. The moderate asymmetric induction for the Lewis acid promoted kinetic resolution process may be also caused by a reversible process abstraction-addition of the thiophenoxy group which should lead to partial racemization of the product.
Chiral Lewis acid 7 catalyzed, asymmetric degradation of the racemic 3,4-benzocepham 22 after 6 h at 0 o C provided an enantiomerically enhanced compound in 48% yield and 46% ee (Scheme 4). The lower result of the kinetic resolution of 22 in comparision with 9 is caused by the same reasons as suggested for 11 and 21. 11 Under the same conditions ee was found to be only 22% (Scheme 4).
Scheme 4. Chiral Lewis acid 7 promoted deracemization of cepham's congeners.
Biological activity 4-Thiophenoxy compounds 11a-e were tested for their biological activity. An inhibition of the DD-carboxypeptidase activity and, separately, an inhibition of β-lactamase were measured.
Within the studied series, all of the tested azetidin-2-ones 11a-e showed a low activity towards DD-peptidase. Except 11b which showed the inhibition of β-lactamase class A activity, expressed by the value of 2.5x10 -2 , other compounds do not showed any activity as inhibitors of the β-lactamase.
Conclusions
In conclusion, we report a simple approach to the asymmetric synthesis of 3,4-benzo-2-hydroxycephams, 4-thiophenoxyazetidin-2-ones and 4-alkoxyazetidin-2-ones. The key step of this method is based on the chiral Lewis base mediated, enantioselective, intermolecular alkylation of mercapto or hydroxyl groups by intermediately formed dehydro-azetidinone. It is important to note that the chiral Lewis base is used in catalytic amounts without effecting both the yield and enantioselectivity. The reactions proceed in similar yield and with similar selectivity for thiols and alcohols. This is in contrast with that previously described for the chiral Lewis acid mediated enantioselective alkylation of the phenol hydroxy group by the N-acyliminium ion generated from the 4-formyloxyazetidinone 1, which requires always an equimolar amount of the promoter and proceeds in low yield but high asymmetric induction as the intramolecular process, or in good yield but low asymmetric induction as the intermolecular process. Due to the higher stability of the N,S-acetal versus the N,O-one asymmetric degradations of 4-alkoxyazetidinones or 5-oxacephams proceed more readily.
Experimental Section
General. All reactions involving air-and moisture-sensitive materials were performed under an atmosphere of dry argon using dry solvents. Reagents were purchased from commercial suppliers and used without further purification, unless noted. Tetrahydrofuran was distilled from Na and bezophenon ketyl and dichloromethane were distilled from CaH2. All processes were performed until the disappearance of the starting material (TLC monitoring). Melting points were determinated using a hot-stage apparatus with a microscope and are uncorrected. The column chromatography was performed on Kiesel gel (230 -400 mesh). Thin layer chromatography (TLC) was performed on aluminum sheets Silica Gel 60 F254 (20 x 20 x 0.2). TLC spots were visualized in UV (254 nm) and by treatment by the solution of ceric acid. Routine NMR spectra were obtained at 500 MHz for 1 H NMR and 128 MHz for 13 C NMR, using CDCl3 as a solvent and TMS as an integral reference ( 0 for 1 H and  0 13 C). IR data were obtained with a FT-IR-1600-Perkin -Elmer spectrophotometer. High resolution mass spectra were recorded on anAMD 604 mass spectrometer (EI, 70 eV) and ESI-TOF Mariner spectrometer (Perspective Biosystem). The optical rotations were measured using JASCO J-1020 digital polarimeters. The high pressure liquid chromatography (HPLC) was performed using a Merck -Hitachi chromatograph with a L-2130 pump, diode array detector L-2450, analytical columns : Chiralpark® AD-H, Chiralcel® OD-H and OJ-H and hexane / i-propanole as solvents.
Quinidine-catalyzed nucleophilic substitution with thiols (10) and (12)
To a solution of 4-formyloxyazetidin-2-one 1 (30 mg, 0.26 mmol, 1.0 equiv.) and thiol 10, 12 (0.29 mmol, 1.1 equiv.) in toluene (5 mL) at room temperature was added quinidine (9 mg, 0.1 equiv.) under an argon atmosphere. The reaction mixture was stirred for 48 h till the disappearance of the starting material and diluted with water (5 mL). The aqueous phase was extracted with ether (3x10 mL). The organic extracts were combined and dried over Na2SO4. The solution was filtered and the filtrate evaporated. The crude product was purified by column chromatography to yield 11, 13 respectively. 
Quinidine-catalyzed nucleophilic substitution with alcohols (14)
To the solution of 4-formyloxyazetidin-2-one 1 (30 mg, 0.26 mmol, 1.0 equiv.) and alcohol 14 (0.78 mmol, 3.0 equiv.) in toluene (5 mL) at room temperature was added quinidine (90 mg, 1.0 equiv.) under argon atmosphere. The reaction mixture was stirred for 48 h till disappearance of starting material and filtered through small layer of silica gel. The silica layer was washed with toluene (2 mL). Subsequently the filtrate containing 4-alkoxy-azetidin-2-one 16 was slowly added to solution of 50% aqueous NaOH (5 mL), and Bu4NBr (84 mg, 0.26 mmol, 1.0 equiv.) and benzyl chloride (135 μL, 1.17 mmol, 4.5 equiv.) in 1 mL of toluene. The reaction mixture was stirred for 30 min till disappearance of starting material and diluted with water (10 mL). The aqueous phase was extracted with ethyl acetate (3x15 mL). The organic extracts were combined and dried over MgSO4. The solution was filtered and filtrate evaporated. The crude product was purified by column chromatography to yield 18. 
Quinidine-catalyzed nucleophilic substitution with thioalcohols (15)
To the solution of 4-formyloxyazetidin-2-one (1) (30 mg, 0.26 mmol, 1.0 equiv.) and thioalcohol 15 (0.39 mmol, 1.5 equiv.) in toluene (5 mL) at room temperature was added quinidine (90 mg, 1.0 equiv.) under argon atmosphere. The reaction mixture was stirred for 48 h till disappearance of starting material and filtered through small layer of silica gel. The silica layer was washed with toluene (2 mL). Subsequently the filtrate containing 4-thio-azetidin-2-one 17 was slowly added to solution of 50% aqueous NaOH (5 mL), and Bu4NBr (84 mg, 0.26 mmol, 1.0 equiv.) and benzyl chloride (90 μL, 0.78 mmol, 3.0 equiv.) in 1 mL of toluene. The reaction mixture was stirred for 30 min till disappearance of starting material and diluted with water (10 mL). The aqueous phase was extracted with ethyl acetate (3x15 mL). The organic extracts were combined and dried over MgSO4. The solution was filtered and filtrate evaporated. The crude product was purified by column chromatography to yield 19. (4S)-4-Allylthio-N-benzylzetidin-2-one (19a) 
To the solution of 4-formyloxyazetidin-2-one 1 (30 mg, 0.26 mmol, 1.0 equiv.) and thioalcohol 15 (0.39 mmol, 1.5 equiv.) in toluene (5 mL) at room temperature was added quinidine (90 mg, 1.0 equiv.) under argon atmosphere. The reaction mixture was stirred for 48 h till disappearance of starting material and diluted with water (5 mL). Aqueous phase was extracted with ether (3x10 mL). The organic extracts were combined and dried over Na2SO4. The solution was filtered and filtrate evaporated. The crude product was purified by column chromatography (silica gel, 2:3 hexane/diethyl ether 
Chiral Lewis Acids 7 promoted deracemization
The chiral Lewis acid promoter 7 was generated in situ by the addition of 1M solution of SnCl4 in CH2Cl2 (420 μL, 1.0 equiv.) to the solution of (S) or (R) α-di-naphthyl-BINOL (225 mg, 0.42 mmol, 1.0 equiv.) in CH2Cl2 (10 mL) at 0C under argon atmosphere. After 15 minutes racemic azetidinone (0.42 mmol, 1.0 equiv.) in appropriate temperature was added. The reaction mixture was stirred for 6h to 36h and diluted with saturated NaHCO3 (10 mL). The aqueous phase was extracted with CH2Cl2 (3x20 mL). The organic extracts were combined and dried over MgSO4 
Assay of β-lactamase activity
The inhibition of penicillinase was evaluated following a literature method. The sample for assay of inhibition of β-lactamase consisted of 10 μL of penicillinase (Penase, 5x106IU/mL, Bacto), 20 μL 0.1 M phosphate buffer, pH 7.0, 10 μL solution of tested compound in methanol. The samples were incubated for 30 minutes at 37 °C, than 30 μL of nitrocephin, 430 μL 0.1 M phosphate buffer pH 7.0 were added and all samples were incubated for 10 minutes at 37 °C. Absorption was measured at 428 nm.
